Staphylococcal nuclease and tudor domain containing 1 (SND1) is overexpressed in multiple cancers, including hepatocellular carcinoma (HCC), and functions as an oncogene. This study was carried out to identify novel SND1-interacting proteins to better understand its molecular mechanism of action.
Staphylococcal nuclease and tudor domain containing 1 (SND1) is a multifunctional protein regulating transcription, RNA interference (RNAi) and mRNA splicing, editing, and stability and functions as an oncogene in multiple cancers (1) . SND1 overexpression has been observed in cancers of liver, colon, breast, brain, and prostate, and overexpression and knockdown studies have confirmed that SND1 promotes the hallmarks of cancer, such as proliferation, invasion, epithelialmesenchymal transition, angiogenesis, and metastasis (2) (3) (4) (5) (6) (7) (8) . As a pleiotropic protein, SND1 promotes tumorigenesis in multiple ways. We documented that SND1 promotes RNA-induced silencing complex activity in hepatocellular carcinoma (HCC) 4 cells thus facilitating oncogenic miRNA-mediated degradation of tumor suppressor mRNAs and thereby facilitating hepatocarcinogenesis (2) . In HCC cells, SND1 promotes angiogenesis by activating a linear pathway involving NF-B, miRNA-221, angiogenin, and CXCL16, and it promotes epithelial-mesenchymal transition via angiotensin II type 1 receptor (AT1R) and TGF␤ signaling pathway (7, 8) . Studies in breast cancer cells have identified SND1 as a downstream target of TGF␤ signaling where it promotes metastasis by increasing E3 ubiquitin ligase Smurf1 leading to RhoA ubiquitination and degradation (9) . Additionally SND1 is required for expansion and activity of tumor-initiating cells in the breast cancer model (6) . In colon cancer cells, SND1 promotes tumorigenesis by activating Wnt/␤-catenin pathway (4) . SND1 functions as an anti-apoptotic protein, and cleavage of SND1 by caspases is necessary during drug-induced apoptosis (10) . These findings indicate that SND1 promotes tumorigenesis by diverse mechanisms, and more in-depth studies are necessary to better understand the molecular mechanisms by which SND1 exerts its oncogenic function.
Triglycerides are broken down into fatty acids and glycerol by sequential action of multiple enzymes (11) . Triglyceride lipase breaks down triglyceride into diacylglycerols, which are further broken down to monoacylglycerols by hormone-sensitive lipase. Monoglyceride lipase (MGLL) finally breaks down monoacylglycerol into glycerol and free fatty acids. Additionally, MGLL breaks down 2-arachidonoyl glycerol, the endogenous ligand for cannabinoid receptors, and thus negatively regulates endocannabinoid signaling (12) . Because MGLL generates free fatty acids that might be utilized by cells as an energy source, one would anticipate that MGLL might promote tumorigenesis. However, there are conflicting reports regarding the role of MGLL in carcinogenesis. MGLL has been shown to be overexpressed in multiple tumor types, such as melanoma, ovarian, breast, and prostate cancers, positively regulating tumorigenesis (13) . Conversely, studies in colon cancer show that MGLL is down-regulated and might function as a tumor suppressor (14) . These discrepant findings indicate that MGLL might have organ-specific functions, and it might have expanded functions beyond its role as a lipid-metabolizing enzyme. Indeed, it has been demonstrated that MGLL selectively interacts with phosphatidic acid and phosphoinositide derivatives leading to inhibition of PI3K/Akt signaling, which might be a potential mechanism by which MGLL functions as a tumor suppressor (14) .
In this study, we identified interaction between MGLL and SND1 that down-regulates MGLL. MGLL levels were significantly decreased in human HCC cells versus normal hepatocytes and in human HCC patients versus normal liver. Forced overexpression of MGLL in SND1-overexpressing HCC cells inhibited in vitro proliferation and in vivo tumorigenesis in nude mouse xenograft models. These findings uncover a novel molecular mechanism of SND1 action and define a unique tumor suppressor function of MGLL in HCC.
Materials and Methods
Plasmids-FLAG-tagged expression constructs for fulllength SND1 and SN and tudor domains of SND1 were kindly provided by Dr. Kirsi Paukku, University of Helsinki. The FLAG-Myc-tagged SND1 expression construct was obtained from Origene. Human MGLL cDNA was obtained from Origene and used as template to include a C-terminal HA tag by PCR using the following primers: sense, 5Ј-gctagcgccaccatgccagaggaaagttccccc-3Ј, and antisense, 5Ј-ggatcctcaagcgtaatctggaacatcgtatgggtagggtggggacgcagttcc-3Ј, and subcloned into NheI and BamHI sites of pcDNA3.1(ϩ)-Hygro (pcDNA-MGLL-HA). This construct was used as template to generate the MGLLS122A mutant construct using QuikChange II XL sitedirected mutagenesis kit (Agilent Technologies) and the primers sense, 5Ј-cttccttctgggccacgccatgggaggcgccatc-3Ј, and antisense, 5Ј-gatggcgcctcccatggcgtggcccagaaggaag-3Ј (the mutated base is in bold), according to the manufacturer's instruction. Constitutively active Myr-Akt expression construct was kindly provided by Dr. Kristoffer Valerie, Virginia Commonwealth University.
Cell Lines, Culture Condition, Proliferation, Viability, Clonogenicity, and Migration Assays-Primary human hepatocytes were obtained from the Liver Tissue Cell Distribution System (National Institutes of Health contract N01-DK-7-0004/ HHSN267200700004C) and cultured as described (15) . Primary mouse hepatocytes were isolated from C57BL/6 mice and cultured as described (15) . Hep3B cells were obtained from the American Type Culture Collection (Manassas, VA); QGY-7703 cells were obtained from Fudan University, China; and HepG3 and Huh7 cells were kindly provided by Dr. Paul Dent and cultured as described (16) . Generation and characterization of control and SND1 shRNA expressing clones in QGY-7703 cells and SND1-overexpressing clone (Hep-SND1-17) in Hep3B cells have been described previously (2, 7, 8) . MGLL-overexpressing stable clones of QGY-7703 and Hep-SND1-17 cells were generated by transfection of pcDNA-MGLL-HA plasmid, and independent clones were selected in the presence of 250 g/ml hygromycin. Cell proliferation was determined by standard MTT assays as described (16) . For QGY-7703 cells and its derived clones, 1000 cells/well were plated, and for Hep-SND1-17 cells and its derived clones, 2,000 cells/well were plated in a 96-well plate. For colony formation assay, cells (500) were plated in 6-cm dishes, and colonies of Ͼ50 cells were counted after 2 weeks (16) . Cell viability was determined by trypan blue exclusion assay. Cell migration was analyzed by wound healing assay as described (7) .
Cell Cycle and Apoptosis Assays-Cells were synchronized by double thymidine block essentially as described previously followed by release at 0 h (17) . At the end of the experiment cells were harvested, fixed in 70% ethanol, and stained with propidium iodide followed by flow cytometry for cell cycle analysis. Apoptosis in cultured cells was determined by annexin V binding assay followed by flow cytometry and in tumor sections by TUNEL staining as described (17) .
Tissue Microarray and Immunostaining-Human HCC tissue microarrays were obtained from Imgenex Corp. Two tissue microarrays were used as follows: one containing 40 primary HCC, 10 metastatic HCC, and 9 normal adjacent liver samples (Imgenex; IMH-360); and the other containing 46 primary HCC and 13 metastatic HCC (Imgenex; IMH-318). Immunostaining was performed using anti-SND1 antibody (rabbit polyclonal; 1:100; Prestige Antibodies powered by Atlas antibodies from Sigma), anti-MGLL antibody (goat polyclonal; 1:250; Abcam), and anti-PCNA antibody (mouse monoclonal; 1:300; Cell Signaling) as described (16) .
Analysis of the Cancer Genome Atlas (TCGA) Database-Level 3 gene expression data in different cancers were downloaded from TCGA using the TCGA2STAT R package (Version 1.2) (18). The gene expression data were provided as RNA-Seq by expectation-maximization values of 20,531 genes (19) . The data were accessed on February 14, 2016. Genes positively/ negatively correlated with SND1 were selected using Pearson's correlation coefficient (Hmisc::rcorr function) at p value Ͻ0.01. The results presented here are in part based upon data generated by the TCGA Research Network at cancergenome.nih.gov.
Co-immunoprecipitation (co-IP), Western Blot, and Immunofluorescence (IF) Analyses-Co-IP and Western blot were performed as described (20) . QGY-7703 cells were transfected with SND1-FLAG-Myc and MGLL-HA constructs. Immunoprecipitation (IP) was performed by anti-Myc antibody, and immunoblotting (IB) was performed by anti-HA antibody and vice versa. In a second experiment, QGY-7703 cells were transfected with FLAG-tagged full-length SND1 and its SN and tudor domain expression constructs and MGLL-HA construct. IP was performed with anti-FLAG antibody, and IB was performed by anti-HA antibody and vice versa. The primary anti-bodies used for Western blot analysis are as follows: Cell Signaling: Akt, p-Akt (Thr-308), ERK, p-ERK, GSK3␤, p-GSK3␤, and ubiquitin (all rabbit; 1:1000); Sigma: SND1 and FLAG (rabbit; 1:1000); MGLL (ThermoFisher; rabbit; 1:1000); EF1␣ (Millipore; mouse; 1:1000); HA (Covance; mouse; 1:1000). For IF, QGY-7703 cells were transfected with SND1-FLAG-Myc and MGLL-HA constructs, and double IF was performed using anti-FLAG and anti-HA antibodies (2) . Additionally, double IF was performed in primary mouse hepatocytes using anti-SND1 and anti-MGLL antibodies. The slides were analyzed by a confocal laser scanning microscope (Zeiss).
Total RNA Expression and Q-RT-PCR-Total RNA was extracted using Qiagen miRNeasy mini kit (Qiagen, Hilden, Germany). cDNA preparation was done using ABI cDNA synthesis kit. Real time-polymerase chain reaction (RT-PCR) was performed using an ABI ViiA7 fast real time PCR system and TaqMan gene expression assays according to the manufacturer's protocol (Applied Biosystems, Foster City, CA).
MGLL Enzyme Activity Assay-MGLL enzyme activity was measured in cell lysates using monoacylglycerol lipase inhibitor screening assay kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's protocol. MGLL hydrolyzes 4-nitrophenylacetate to a yellow product 4-nitrophenol that can be measured at an absorbance of 405-412 nm.
Nude Mice Xenograft Studies-Subcutaneous xenografts were established in flanks of athymic nude mice using control and MGLL-overexpressing clones of QGY-7703 cells (5 ϫ 10 5 ) and control and MGLL-overexpressing clones of Hep-SND1-17 cells (1 ϫ 10 6 ) (2). Tumor volume was measured twice weekly with a caliper and calculated using the formula /6 ϫ larger diameter ϫ (smaller diameter) 2 . All experiments were performed with 6 -8 mice in each group.
Yeast Two-hybrid Assay-Yeast two-hybrid assay was performed by DUAL hunter screening approach by Dual Systems Biotech AG (Schlieren, Switzerland) using SND1 as bait and human liver cDNA library as prey according to the methodology previously described (21) .
Results
SND1 interacts with proteins in diverse complexes to exert its function. To identify novel SND1-interacting proteins, we performed a modified yeast two-hybrid assay designed for transcriptionally active proteins that detect protein interaction outside of the nucleus (21) . This strategy was utilized because SND1 functions as a coactivator for multiple transcription factors (22, 23) . SND1 (the bait) was inserted between the membrane protein Ost4p and the C-terminal half of ubiquitin (Cub) followed by the artificial transcription factor LexA-VP16 ( Fig.  1A) . Human adult liver cDNA library (the prey) was fused with mutated N-terminal half of ubiquitin (NubG). Upon bait and prey interaction, Cub and NubG complement to form splitubiquitin, followed by cleavage and translocation of LexA-VP16 to the nucleus and transcriptional activation of endogenous reporter genes, which is detected by growth selection on minimal medium. A total of 30 potential SND1-interacting proteins were identified (supplemental Table S1 ). We focused on MGLL because it showed in-frame screen-specific interaction with a highly significant p value; it has been indicated as either a tumor suppressor or tumor promoter in other cancers, and its role in SND1 function as well as in hepatocarcinogenesis has not been identified.
To confirm the SND1/MGLL interaction, we performed co-IP assay upon overexpression of FLAG-Myc-tagged SND1 and HA-tagged MGLL expression constructs in the human HCC cell line QGY-7703. IP with anti-Myc antibody followed by Western blot with anti-HA antibody and vice versa confirmed SND1/MGLL interaction (Fig. 1B) . These transfected QGY-7703 cells were also subjected to double IF analysis using anti-FLAG (for SND1) and anti-HA (for MGLL) antibodies, and the merged image clearly shows co-localization of the two proteins indicating interaction between them (Fig. 1C ). To further confirm endogenous interaction between SND1 and MGLL, double IF was performed in primary mouse hepatocytes using anti-SND1 and anti-MGLL antibodies, and the merged image shows co-localization of the two proteins ( Fig. 1D ).
We next checked which domain of SND1 interacts with MGLL. The N terminus of SND1 contains four tandem repeats of staphylococcal nuclease (SN) domains, and the C terminus contains a small tudor (TD) domain fused with a partial SN domain ( Fig. 1E) (24) . SN1-SN4 domains are involved in RNA binding; SN3-SN4 domains harbor the nuclease activity, and the TD domain facilitates protein/protein interaction (24, 25) . FLAG-tagged expression constructs for full-length SND1 (SND1-FL), SN domains (SND1-SN), or tudor domain (SND1-TD) were transfected into QGY-7703 cells along with MGLL-HA construct and IP was performed using anti-FLAG antibody, and Western blot was performed using anti-HA antibody and vice versa. Interaction of MGLL was detected with SND1-FL and SND-SN but not with SND1-TD indicating that the SN domains of SND1 interact with MGLL ( Fig. 1F ).
We checked MGLL and SND1 protein levels in normal human hepatocytes (hHep) and mouse liver (mLiver) and human HCC cell lines QGY-7703, HuH-7, Hep3B, and HepG3 ( Fig. 2A ). Although MGLL expression was detected in hHep and mLiver, it could not be detected in any of the HCC cells. In reverse correlation, SND1 protein levels were substantially high in human HCC cells when compared with hHep and mLiver ( Fig. 2A) . Compared with hHep, human HCC cells expressed a significantly lower level of MGLL mRNA, which was still within the detection level of Q-RT-PCR (mean CT Ͻ30 cycles) ( Fig.  2B ). However, the MGLL protein could not be detected in HCC cells even upon overexposure of the radiographic film suggesting that the MGLL protein level might be regulated at the level of translation or post-translation. Analysis of MGLL by immunohistochemistry in human tissue microarray revealed the high expression level in normal liver with progressive decrease along the stages of HCC (Fig. 2C ). We previously analyzed expression of SND1 by immunohistochemistry in the same tissue microarray (2) and compared MGLL and SND1 expression levels. A significant negative correlation was observed between SND1 and MGLL protein levels with the stages of HCC ( Fig. 2D and Table 1 ). We mined TCGA databases for all cancers to check negative correlation between SND1 and MGLL mRNA levels considering the p value of Ͻ0.01 as significant. A significant negative correlation between SND1 and MGLL mRNA levels was identified in cancers of breast, brain, colon, liver, lung, prostate, and rectum ( Table 2 ). Only renal cancers showed significant positive correlation.
We previously established and characterized stable clones of QGY-7703 cells expressing SND1 shRNA (shSND1-2 and shSND1-3) (2, 7, 8) . Knocking down SND1 in these clones resulted in a detectable increase in MGLL protein level when compared with the control shRNA-expressing clone (shCon) ( Fig. 2E ). However, no difference in MGLL mRNA level was detected in shCon versus shSND1 clones (Fig. 2F) . These findings suggest that interaction of SND1 with MGLL might interfere with MGLL protein turnover. MGLL enzyme activity level correlated with protein level in these cells (Fig. 2G ).
We next checked potential regulation of MGLL protein turnover by SND1 by overexpressing them in Hep3B cells and treat-ing the cells with proteasome inhibitor MG132 (5 M). MG132 treatment substantially increased the MGLL level (compare 5th and 6th lanes) suggesting significant turnover of MGLL protein under basal conditions (Fig. 2H ). Overexpression of SND1 significantly reduced MGLL level (compare 5th and 7th lanes), which was restored close to the basal level upon MG132 treatment (compare 5th and 8th lanes). MGLL overexpression did not affect SND1 levels (Fig. 2H) .
We previously established and characterized stable clones of Hep3B cells expressing SND1 (Hep-SND1-17) to confirm the oncogenic properties of SND1 (2, 7, 8) . Hep-SND1-17 cells were transfected with MGLL-HA construct, treated with MG132, and then IP was carried out using control IgG or antiubiquitin antibody, and IB was performed using anti-HA anti-FIGURE 1. SND1 and MGLL interact with each other. A, schematic representation of the strategy of yeast two-hybrid assay. SND1 fused with Cub was used as bait, and NubG-fused adult human liver cDNA library was used as prey. B, QGY-7703 cells were transfected with FLAG-Myc-tagged SND1 and HA-tagged MGLL expression constructs. IP was performed using anti-Myc antibody, and IB was performed using anti-HA antibody and vice versa. C, QGY-7703 cells were transfected as in B, and double IF analysis was performed using anti-HA (for MGLL) and anti-FLAG (for SND1) antibodies. D, double IF analysis was performed in primary mouse hepatocytes using anti-SND1 and anti-MGLL antibodies. E, domain structure of full-length SND1 (SND1-FL) and its SN (SND1-SN) and tudor (SND1-TD) domains. F, SN domain of SND1 interact with MGLL. QGY-7703 cells were transfected with empty vector or expression constructs for FLAG-tagged SND1-SN, SND1-TD, and SND1-FL and HA-tagged MGLL. IP was performed using anti-FLAG antibody, and IB was performed using anti-HA antibody and vice versa. The asterisks represent specific bands.
body. Ubiquitinated MGLL was detected upon IP with antiubiquitin antibody indicating that SND1 causes ubiquitination and proteasomal degradation of MGLL (Fig. 2I) .
We established stable clones of QGY-7703 cells overexpressing MGLL (Fig. 3A) . Compared with parental QGY-7703 cells and control clone (Con-1), MGLL overexpressing clones (MG-8B and MG-13B) showed marked reduction in prolifera-tion as assayed by MTT and colony formation assays (Fig. 3, B and C). These clones also showed significant inhibition in cell migration analyzed by the wound healing assay (Fig. 3D ). To decipher the mechanism of reduced proliferation following MGLL overexpression, we synchronized these clones by double thymidine block and then allowed them to continue through the cell cycle by removal of the high concentration of thymidine that inhibits ribonucleotide reductase. At 0 h, all the clones were predominantly in early S-phase indicating the efficacy of double thymidine block (Fig. 3E) . However, the Con-1 clone completed the S-phase and progressed to G 2 /M-phase significantly faster than MG-8B and MG-13B clones. At 4 -6 h, a large percentage of Con-1 cells has completed the S-phase and entered into G 2 /M-phase, although a significant percentage of MG-8B and MG-13B cells was still in the S-phase. At 10 -12 h, the majority of the Con-1 cells has completed the cell cycle and GAPDH was used for normalization. Normalized MGLL expression level in hHep was considered as 1. A.U., arbitrary units. C, immunohistochemical analysis of MGLL in normal liver and different stages of HCC using a tissue microarray. D, to assess the strength of association between SND1 and MGLL, an ordinal logistic regression was conducted. Pearson's 2 goodness of fit test with 6 degrees of freedom was performed. p value, 1.389 ϫ 10 Ϫ13 . E, Western blot analysis for MGLL and SND1 in stable clones of QGY-7703 cells expressing control shRNA (shCon) or SND1 shRNA (shSND1-2 and shSND1-3). EF1␣ was used as loading control. F, MGLL mRNA expression was analyzed by TaqMan Q-RT-PCR in the indicated cells. GAPDH was used for normalization. G, MGLL enzymatic activity was analyzed in the indicated cells. H, Hep3B cells were transfected with MGLL-HA and SND1-FLAG-Myc constructs, alone or in combination, and 24 h after transfection, the cells were treated or not with MG132 (5 M) for 12 h. Western blot analysis was performed using the indicated antibodies. I, Hep-SND1-17 cells were transfected with MGLL-HA, and 24 h after transfection, the cells were treated or not with MG132 (5 M) for 12 h. IP was performed using control IgG and anti-ubiquitin antibody, and IB was performed using anti-HA antibody. For all the graphs, the data represent mean Ϯ S.E. for three independent experiments. *, p Ͻ 0.01.
TABLE 1 Cross-tabulation of SND1 and MGLL expression
Pearson's 2 test was used. The following data were used: ct 2 ϭ 84.2027; degrees of freedom ϭ 6; p value, 1.389 ϫ 10 Ϫ13 . 0 0.00 0.00 4.00 9.00 1 0.00 0.00 14.00 5.00 2 3.00 13.00 3.00 0.00 3 2.00 6.00 0.00 0.00 returned to G 1 -phase although a significant percentage of MG-8B and MG-13B cells were still in the G 2 /M-phase. Analysis of cell viability and apoptosis did not show any difference between these clones (data not shown) indicating that the reduced proliferation upon MGLL overexpression is predominantly due to delay in progression through cell cycle.
To check whether MGLL overexpression overrides SND1 function, we established stable clones of Hep-SND1-17 cells overexpressing MGLL (SND1-17-MG-2 and SND1-17-MG-9) (Fig. 4A ). Similar to MGLL-overexpressing clones of QGY-7703 cells, SND1-17-MG-2 and SND1-17-MG-9 clones also showed reduced proliferation, migration, and delay in cell cycle progression compared with parental Hep-SND-17 cells and control clone (Hep-SND1-17-Con-2) ( Fig. 4, B-E) .
Previous studies showed that knocking down MGLL results in activation of Akt (14) . We checked activation of Akt and its downstream signaling molecule GSK3␤, ERK1/2 in control, and MGLL-overexpressing clones of QGY-7703 and Hep-SND1-17 cells. A profound inhibition in Akt and GSK3␤ activation was observed upon MGLL overexpression (Fig. 5A ). However, no significant change in the level of activated ERK1/2 was observed. However, knocking down SND1 in QGY-7703 cells resulted in inhibition of both Akt and ERK (Fig. 5B) . To check the role of Akt inhibition in mediating the MGLL effect, we overexpressed a constitutively active Akt (Myr-Akt) (26) in MGLL-overexpressing clones and analyzed for cell proliferation and cell cycle progression. Myr-Akt significantly protected cells from the inhibitory effects of MGLL as evidenced by increased proliferation by MTT assay, increased clonogenic efficiency, and rescue from the delay in cell cycle progression (Fig. 5, C-E) .
To check whether MGLL enzymatic activity is required for inhibition of Akt and cell proliferation, we created a mutant construct of MGLL. MGLL is a serine hydrolase containing the GXSXG consensus sequence in which the serine residue at amino acid 122 is critical for its catalytic activity ( Fig. 6A) (27) . We mutated this serine residue to alanine (MGLLS122A) and transiently overexpressed WT MGLL and MGLLS122A into QGY-7703 cells (Fig. 6B ). MGLLS122A lost its enzymatic activity ( Fig. 6C ). However, it still effectively inhibited activation of Akt and cell proliferation as measured by MTT and colony formation assays (Fig. 6, B, D, and E, respectively) .
The tumorigenic potential of cells upon overexpression of MGLL was checked by in vivo assays. MG-8B and MG-9B clones of QGY-7703 cells and MG-2 and MG-9 clones of Hep-SND1-17 cells showed profound inhibition of growth when implanted subcutaneously in athymic nude mice compared with their corresponding control clones (Fig. 7, A and B) . Tumors derived from MGLL-overexpressing clones showed marked reduction in PCNA staining compared with the control clones (Fig. 7, C and D) , although no significant difference in apoptosis was observed (data not shown) further indicating that interference with proliferation is the major mechanism by which MGLL overexpression reduces growth of human HCC cells.
Discussion
In this study, we describe a novel mechanism by which SND1 promotes HCC. SND1 has been shown to interact with a diverse array of proteins thereby regulating fundamental cellular processes such as transcription, mRNA splicing, RNA editing, and miRNA function (1) . This is the first documentation that SND1 also regulates gene function at a post-translational level. We demonstrate that interaction of SND1 with MGLL results in increased ubiquitination and subsequent proteosomal degradation of MGLL. This down-regulation of MGLL is required for SND1 to exert its pro-tumorigenic activity because forced overexpression of MGLL markedly abrogates cell proliferation. Our studies thereby unravel a novel tumor suppressor function of MGLL in the context of HCC. We document an inverse correlation between SND1 and MGLL levels with the progression of HCC, which confers clinical relevance to our findings. In HCC, the inverse correlation was much stronger at the level of protein (p value 1.389 ϫ 10 Ϫ13 ) versus at the level of mRNA (p value 3.15 ϫ 10 Ϫ5 ). Additionally, at the level of mRNA the inverse correlation was much stronger in colorectal carcinoma (p value 0). These findings suggest that in HCC, MGLL down-regulation occurs predominantly at the protein level, which is mediated by its interaction with SND1.
Compared with human hepatocytes, a significant decrease in MGLL mRNA levels was detected in human HCC cell lines. Thus, apart from a post-translational regulation by SND1, there is a regulation of MGLL at a transcriptional/ post-transcriptional level leading to its down-regulation in HCC patients. MGLL is localized in human chromosome 3q21.3. Array comparative genomic hybridization analyses have shown less frequent changes in 3q in HCC patients with reports of both gains and losses at a low frequency (28, 29) .
Thus, deletion or loss-of-heterozygosity may not underlie MGLL down-regulation in HCC patients. The mechanism by which MGLL mRNA is down-regulated in HCC cells remains to be determined, and in-depth studies on the regulation of MGLL expression needs to be performed. However, the observation that MGLL is down-regulated both at mRNA and protein levels suggests that MGLL might have a critical role in tightly regulating homeostatic proliferation of hepatocytes, and MGLL down-regulation is a prerequisite for a transformed cell to progress faster through the cell cycle and proliferate rapidly. Overexpression of MGLL results in a significant delay in progression through the cell cycle further supporting this hypothesis.
The major consequence of overexpression of MGLL is a profound inhibition in activation of Akt signaling, which is independent of its enzymatic activity. MGLL has been shown to bind to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (14) , which is generated from phosphatidylinositol (4,5)-bisphosphate (PIP2) by phosphatidylinositol 3-kinase (PI3K). Akt and PDK1 bind to PIP3 at the plasma membrane, and PDK1 phosphorylates the activation loop of Akt at Thr-308 (30) . The phosphatase and tensin homolog (PTEN) dephosphorylates PIP3 to phosphatidylinositol 4,5-bisphosphate and thus prevents Akt activation. Activation of PI3K/Akt signaling is a common event in HCC, and PTEN inactivation is frequently observed in human HCC patients (31) . MGLL down-regulation provides another level of regulation for robust activation of PI3K/Akt signaling. Activation of Akt promotes cell proliferation, migration, invasion, and metastasis. Indeed, we observe that overexpression of MGLL not only encumbers proliferation, it also mitigates migration of human HCC cells. However, the inhibitory effect on proliferation was substantially more robust than that on migration. Overexpression of a constitutively active Akt significantly protected from the inhibitory effects of MGLL indicating an essential role of Akt inhibition in mediating MGLL function. MGLL overexpression did not affect ERK phosphorylation, although knocking down SND1 resulted in inhibition of both Akt and ERK activation. We previously documented that SND1 increases the AT1R level by increasing AT1R mRNA stability resulting in activation of ERK (7) . Accordingly, SND1 might activate ERK axis via AT1R and Akt axis via inhibition of MGLL. One limitation of this study is that we could not analyze the effect of MGLL knockdown because MGLL cannot be detected at the protein level in human HCC cells. An MGLL knock-out mouse has been generated and characterized for behavioral response (32) . This model would be ideal to further characterize tumor suppressor properties of MGLL.
Although Tudor domains are known to provide interface for protein/protein interactions (33) , we identified that SN domains, not TD domain, of SND1 interact with MGLL. SN domains confer enzymatic activity and RNA binding. However, these domains have been shown to interact with other proteins. Interaction of SN1-SN2 domains of SND1 with the oncogene AEG-1/MTDH is necessary to protect SND1 from stress-induced degradation and mediate its oncogenic function (25) . Our studies document that interaction of SND1 with MGLL results in MGLL degradation without affecting SND1 documenting the versatility of SND1 function.
Interaction of SND1 and MGLL might facilitate recruitment of an E3 ubiquitin ligase promoting MGLL ubiquitination and degradation. As yet, the particular E3 ubiquitin ligase mediating MGLL ubiquitination remains to be determined. In the TCGA breast cancer database, E3 ubiquitin ligase Smurf1 has been shown to positively correlate (Pearson's correlation coefficient ϭ 0.5) with SND1, and SND1 has been shown to induce expression of Smurf1, which ubiquitinates and targets RhoA for destruction (9) . However, whether SND1, Smurf1, and RhoA interact with each other in a complex has not been shown. Our analysis of TCGA HCC and colorectal cancer databases did not identify a strong positive correlation between Smurf1 and SND1, in both cases Pearson's correlation coefficient value was ϳ0.2. Hence, SND1-correlating genes might be different between breast cancer and gastrointestinal cancers, and further studies need to be carried out to identify MGLL targeting E3 ubiquitin ligase that might interact with SND1.
In summary, we identify a distinctive role of MGLL functioning as a tumor suppressor for HCC. MGLL overexpression profoundly inhibited cell proliferation without inducing cell death. Consequently, liver-targeted delivery of MGLL as a single modality may not be a viable and therapeutic option for HCC that would provide a lasting effect. However, it FIGURE 6. MGLL enzymatic activity is not necessary for inhibition of Akt and cell growth. A, schematic structure of MGLL protein showing GXSXG motif in which serine 122 was mutated to alanine. B-E, QGY-7703 cells were transiently transfected with empty vector (pcDNA3.1), WT MGLL, or MGLLS122A expression constructs. Western blot analysis of the indicated proteins is shown (B). EF1␣ was used as loading control. MGLL enzymatic activity was measured (C). MTT (D) and colony formation (E) assays were performed. For graphs, the data represent mean Ϯ S.E. for three independent experiments. *, p Ͻ 0.01. might be considered as an adjuvant in a combinatorial treatment strategy.
